Using conventional transmission electron microscopy (TEM) and aberration-corrected high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM), compositional irregularity has been identified around long-period stacking order structures (LPSOs) in aged Mg 97 Zn 1 Y 2 alloys, which have coexistence of LPSO and ¡-Mg matrix. Elemental mappings show that compositional transition layers surround the growing LPSOs. The compositional transition layer includes solute atmosphere in the ¡-Mg matrix and transition layers of LPSOs with lower concentrations of solute elements. The Zn concentration in a transition layer of LPSO is higher than that of Y, which differs from the ¡-Mg matrix and LPSOs. The transition layer is an 18R-type stacking sequence. No transition layer was observed after the transformation from 18R-type to 14H-type LPSOs. These results indicate that the segregation of Zn is faster than that of Y, and that the transition layer is a nonstoichiometric 18R-type LPSO with Zn-rich lower concentration of the solute elements, which connects an 18R-type LPSO and an ¡-Mg matrix.
Introduction
Recently, novel synchronized long-period stacking order structures (LPSOs) have been identified in Mg-TM-RE (TM and RE mean transition and rare earth elements) alloy systems. 13) It has been believed that TM and RE elements are co-segregated into stacking faults, as in the Suzuki effect, with segregated stacking faults laminated with a long-range order. LPSO in Mg alloys shows superior mechanical properties. Particularly, Mg 97 Zn 1 Y 2 alloy shows high 0.2% proof strength above 600 MPa and elongation of 5%. 1, 2) These properties make Mg alloys a candidate for nextgeneration lightweight structural materials such as mobile device cases, and the bodies of airplanes and trains.
Many researchers have examined the atomic level structure of LPSOs. Four polytypes were found in the MgZnY alloy depending on the thermal history and the solute concentration: 10H, 14H, 18R, and 24R type LPSOs. 48) We have elucidated the elementary steps of the transformation between the polytypes in aged Mg 97 Zn 1 Y 2 alloys in the atomic scale. 9) However, the growth mechanism of LPSOs has not been clarified in relation to Zn and Y enrichment.
Recently, Yokobayashi et al. and Egusa et al. reported that TM and RE form a L1 2 -type Zn 6 Y 8 cluster in a enriched layer of LPSOs. 10, 11) The cluster is partly ordered in the enriched layers in LPSO. The average composition ratio is Y/Zn = 4/3. However, we found a compositionally modulated metastable 18R-type LPSO layer, a "transition layer", around a growing LPSO in a Mg 97 Zn 1 Y 2 alloy. In that region, the Zn-concentration is higher than that of Y. The present study uses conventional transmission electron microscopy (TEM), aberration-corrected high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM), and energy dispersive X-ray spectroscopy (EDS) with the STEM to elucidate the compositional modulation of the transition layer by aging.
Experimental Procedures
The MgZnY alloy ingots were cast by high-frequency induction heating in an argon atmosphere. The nominal composition of the alloy used for this study is Mg 97 Zn 1 Y 2 (at%). Specimens cut from the master ingot were aged at 773 K in the Ar atmosphere. Then they were quenched in ice water. The adopted aging times were 10, 30, and 50 h. Thin foils for TEM and STEM analyses were thinned by mechanical polishing followed by low-energy ion milling from 5 kV to 200 V (PIPS model691; Gatan Inc.). Microstructural analysis of the alloys was conducted using conventional transmission electron microscopy (TEM) selected area electron diffractometry (SAED) (EM-002B, 200 kV; Topcon Corp.) and an aberration-corrected scanning transmission electron microscope (STEM) (JEM-ARM200F, 200 kV; JEOL). The estimated convergent semi-angle used for HAADF-STEM observation was 23 mrad. The collection semi-angle range of high angle annular dark field (HAADF)-STEM images was 90170 mrad. Compositional analysis and elemental mapping were done using energy dispersive X-ray spectroscopy (EDS) with STEM (JED-2300; JEOL). The estimated convergent semi-angle and the beam current for STEMEDS point analysis were 30 mrad and 580 pA. The acquisition time for STEMEDS mapping was about 120 min.
Results

Phase transition of LPSO under ageing treatment
First, the development of morphology and LPSOs by aging treatment is detected using bright field TEM (BF-TEM) images and selected area electron diffraction patterns (SAED). Figure 1 shows (a) a BF-TEM image and (b) a SAED projected from ½1 100 Mg direction on an as-cast alloy. The indices were based on the hcp-type ¡-Mg matrix. The BF-TEM image of Fig. 1(a) shows that LPSO bands and narrow line contrast of initial stage of LPSO growth already exist in the as-cast alloy. Figure 1(b) shows that the LPSO of the as-casting alloy has superlattice reflections of a series of n/6(0002) Mg , where n is an integer. Then the LPSO is dominantly 18R-type. Inset arrows indicate the position of diffuse scattering. The ordering of L1 2 -type Zn 6 Y 8 clusters is weak in each enriched layer of LPSO. Figure 2 shows (a) a BF-TEM image and (b) a SAED projected from ½1 100 Mg direction on a 10 h-aged alloy. The indices were based on the hcp-type ¡-Mg matrix. Figure 2(b) shows that LPSOs of 10 h-aged alloy have superlattice reflections of two set of series of n/6(0002) Mg and n/7(0002) Mg (n is an integer); then these LPSOs are 18R-and 14H-types, respectively. Inset arrows indicate the positions of diffuse scattering. The ordering of L1 2 -type Zn 6 Y 8 clusters is weak in each enriched layer of LPSO after 10 h-aging treatment at 773 K. Figure 3 shows (a) a BF-TEM image and (b) a SAED projected from ½1 100 Mg direction on a 30 h-aged alloy. The indices were based on the hcp-type ¡-Mg matrix. Figure 3 These results show that the change of long-period stacking from 18R-type to 14H-type is completed, but the ordering in each enriched layer does not proceed, even after 50 h-aging treatment at 773 K.
Compositional irregularity of transition layer
around growing LPSO This section describes the compositional change around LPSOs by aging treatment as detected from HAADF-STEM and STEMEDS analyses. a HAADF-STEM image shows an incoherent Z-contrast under the condition of the constant thickness of thin foil specimens, which enables determination of the average Z at the detected region. Then, the contrast difference between Mg rich and (Zn,Y) rich regions is detectable. Figure 5( 10) The measured composition is deviated from the estimated stoichiometric value. The reason for the deviation derives from two factors: One factor is the accuracy of STEMEDS measurement without the standards sample. The accuracy of STEMEDS analysis is, at most, 2 at%.
3) The other factor is that the 18R-type LPSO can be non-stoichiometric, with composition varying from 1.5 8.0 at% for Zn and 4.08.0 at% for Y. 3, 4, 7, 1114) Next, the difference of the stacking sequence between the LPSO and the Zn-rich transition layer was investigated. Figure 6 shows (a) a HAADF-STEM image of as-cast Mg 97 Zn 2 Y 1 alloy, and (b) an intensity profile of the rectangular region AB in (a). The HAADF-STEM image clearly shows lower intensity transition layers. The intensity profile depicts details of the Zn and Y distributions. The inside of an LPSO shows the greatest intensity at the circle position. Both sides of an LPSO, transition layers, show a shoulder with lower intensity at the position of triangles. Much lower intensity regions exist between the transition layers at the position of squares, which shows the solute atmosphere in ¡-Mg matrix. In fact, narrow line shape LPSOs are also accompanied by transition layers and solute atmosphere. The transition layer shows a similar stacking sequence to that of the LPSO. The interval of the enriched layers of the LPSO is 1.56 nm, which corresponds to that of the 18R-type LPSO. The interval of the enriched layers of the transition layer is also 1.56 nm. Then, the transition layer is also a kind of 18R-type LPSO, but the concentration of Zn and Y is lower than that of the LPSO.
The intensity in the front region of a transition layer increased gradually from position C to D, which means that the enrichment of Zn and Y in the solute atmosphere makes No Zn-rich transition layer with weak Z-contrast is observed around the LPSO (arrowed region), which coincides with the Z-contrast in Fig. 9(a) . STEMEDS point analyses show that the average concentrations of Zn and Y are, respectively, 6.6 and 5.2 at% at the LPSO, 1.0 and 1.4 at% at the transition layer, 0.4 and 1.6 at% at the matrix. These values indicate that the 18R-type LPSO has a non-stoichiometric composition. The concentration of Zn in the transition layer is smaller than that of Y different from other alloys. This result is consistent with the Z-contrast in the HAADF-STEM image, for which no transition layer was observed. Here, Fig. 4 shows that 18R-type LPSOs have completely transformed into 14H-type ones, meaning that the Zn-rich transition layer vanishes after the transformation from 18R-type to 14H-type LPSOs.
Discussion
Our results show the existence of transition layers around LPSOs with weaker Z-contrast in the initial stage of aging process, and the layers almost vanished after the phase transition from 18R-type to 14H-type LPSOs. The weaker Z-contrast is ascribable to two possibilities: The one is the dilute concentration of Zn and Y in the enriched layers, and the other is the narrow LPSO band width in the projected direction, i.e., the overlapping of ¡-Mg and LPSO. Figure 10 shows the compositional change of Zn and Y in the transition layer and the matrix obtained from the STEM EDS point analysis. Circles, squares, triangles, and inverted triangles respectively denote the concentration of Zn, Y in the transition layer, and Zn, Y in the matrix. The concentration of Y both in the transition layer and the matrix is almost constant around 1.5 at%, except for the 10 h-aged specimen. The concentration of Zn in the matrix is also constant around 0.5 at%. On the other hand, the concentration of Zn in the transition layer simply decreases from 2.5 at% to less than 1 at%. Between 30 h-and 50 h-aging times, the concentration of Zn becomes lower than that of Y in the transition layer. The concentration ratio of Y/Zn in the LPSO is almost equivalent, and that in the matrix is 3, and that in the transition layer increases from 0.5 (as-cast) to 1. 3, 4, 7, 12, 14) The LPSO in the rapid solidification processes shows 18R-type LPSOs with an especially dilute composition. These facts indicate that nonstoichiometric 18R-type LPSO can exist metastably. In these non-stoichiometric 18R-type LPSOs, the cluster density is expected to be low.
However, the Zn concentration is 1.22 times higher than that of Y in the transition layer at the initial aging stage, although that for 18R-type LPSO is opposite. This result cannot be ascribed only to the low cluster density because of the constant compositional ratio Y/Zn = 4/3. Egusa et al. reported that the Y defective cluster, i.e., Zn 6 Y 6 , was also observed even in enriched layers of an aged LPSO, where the ordering of the cluster proceeded in HAADF-STEM images.
10) The observed Z-contrast of clusters is overlapped in the projected directions, and then another type of defect cluster may exist. Our results imply the existence of Zn-rich (Zn,Y) clusters or a kind of Zn-rich complexes in the transition layer, such as a dimer, trimer, etc. These clusters or complexes form a nonstoichiometric 18R-type LPSO with dilute composition of Zn and Y at the initial stage. The Zn-rich transition layer almost vanished after 50 h-aging at 773 K. This behavior is ascribable to the kinetic difference between Zn and Y in the LPSO and the matrix. Consequently, the defective clusters or complexes and the wide-range non-stoichiometry of the 18R-type LPSO would permit such compositional irregularity as an metastable state.
Conclusions
In summary, results show a transition layer with compositional irregularity around LPSOs in Mg 97 Zn 1 Y 2 alloys using TEM, SAED, and HAADF-STEM methods.
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